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LC3Laboratory data have demonstrated that cadmium (Cd) may induce neuronal apoptosis. However, little is
known about the role of autophagy in neurons. In this study, cell viability decreased in a dose- and time-
dependent manner after treatment with Cd in PC-12 cells. As cells were exposed to Cd, the levels of LC3-II
proteins became elevated, speciﬁc punctate distribution of endogenous LC3-II increased, and numerous
autophagosomes appeared, which suggest that Cd induced a high level of autophagy. In the late stages
of autophagy, an increase in the apoptosis ratio was observed. Likewise, pre-treatment with chloroquine
(an autophagic inhibitor) and rapamycin (an autophagic inducer) resulted in an increased and decreased
percentage of apoptosis in contrast to other Cd-treated groups, respectively. The results indicate that
autophagy delayed apoptosis in Cd-treated PC-12 cells. Furthermore, co-treatment of cells with chloro-
quine reduced autophagy and cell activity. However, rapamycin had an opposite effect on autophagy
and cell activity. Moreover, class III PI3 K/beclin-1/Bcl-2 signaling pathways served a function in Cd-
induced autophagy. The ﬁndings suggest that Cd can induce cytoprotective autophagy by activating class
III PI3 K/beclin-1/Bcl-2 signaling pathways. In sum, this study strongly suggests that autophagy may
serve a positive function in the reduction of Cd-induced cytotoxicity.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.1. Introduction The crosstalk between autophagy and apoptosis is quite com-Autophagy is a conserved evolutionary lysosomal pathway for
degrading cytoplasmic proteins, macromolecules, and organelles
[1,2]. As a highly ordered pathway, autophagy begins with the for-
mation and expansion of an isolation membrane called ‘‘phago-
phore’’. The photosphere then fuses to form the autophagosomes
that engulf portions of cytoplasm and/or organelles. This process
is followed by the fusion of the autophagosome with a lysosome
to promote luminal content degradation [3]. Depending on the
environmental stress and cell type, autophagy pathway acts either
as a survival or death safeguard mechanism. Autophagy can be in-
duced when cells are subjected to environmental stress. This pro-
cess helps maintain cellular homeostasis and prevents organism
from damage and diseases [4]. However, a massive and persistent
autophagy can also result in cell death known as autophagic cell
death [5].plex. Under different circumstances, autophagy may delay or pro-
mote the onset of apoptosis, which can also induce autophagy [6].
A recent report demonstrated that oxidative stress-induced
autophagy is involved in apoptosis prevention in restrained mice
[7] and human embryonic kidney cells [8]. However, autophagic
cell death is independent of apoptosis in transformed and cancer
cells [9]. Given the possibility of different sensitivity thresholds,
the exact nature of the relationship between autophagy and apop-
tosis remains unknown.
Cadmium (Cd) is an occupationally and environmentally rele-
vant toxic element. that is currently ranked seventh on the Priority
list of Hazardous Substances by theAgency for Toxic Substances and
Diseases Registry [10]. This heavy metal can enter into the brain
parenchyma andneurons, leading to lower attention, hypernocicep-
tion, olfactory dysfunction and memory deﬁcits [11,12]. Further-
more, experimental data have shown that Cd can stimulate the
phosphorylation of calcium/CaMKII and elevate Ca2+i, which in-
duces ROS and activates MAPK and mTOR pathways, thus resulting
in neuronal apoptosis [13–15], but the role of autophagy induced by
Cd in neurons is still obscure. However, the role of Cd-induced
autophagy in neurons remains obscure. In this study, we chose
the PC-12 cell line as a neuronal model to survey whether Cd can
induce autophagy and to investigate the effect and regulatory
mechanisms of Cd-induced autophagy in PC-12 cells.
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2.1. Materials
The following chemicals and antibodies were used: a bicinchon-
inic acid (BCA) protein assay (Beyotime), Radio-immunoprecipita-
tion assay (RIPA) lysis buffer (Solarbio), anti-LC3 (Sigma), anti-
Beclin-1(Santa Cruz), anti-b-actin, anti-Class III PI3 K, anti-Bcl-2,
horseradish peroxidase (HRP) and ﬂuorescein isothiocyanate (FITC)
conjugated anti-rabbit IgG were from Cell Signaling. Other re-
agents were from Sigma.
2.2. Cell cultures
The rat pheochromocytoma cell line PC-12 was purchased from
the Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China) and cultured at 37 C and 5% CO2 in antibiotic-
free RPMI 1640 medium (Giboco) and supplemented with 10%
heat-inactivated horse serum (Giboco) and 5% fetal bovine serum
(Hyclone).
2.3. Immunoﬂuorescence
PC-12 cells were treated with 0 and 20 lmol/L Cd for 4 h. The
cells were ﬁxed with 4% paraformaldehyde. The cells were then
permeabilized with 0.5% Triton X-100 and blocked with 5% BSA.
Cells were incubated with LC3 antibody in blocking solution for
2 h, and then stained with FITC conjugated anti-mouse IgG for
1 h. Thereafter, cell nuclei were stained by DAPI. Samples were
examined under a ﬂuorescence microscope (LEICA DMI 3000B,
Germany).
2.4. Electron microscopy
For transmission electron microscopy (TEM) observation, after
being treated with 0 and 20 lmol/L Cd for 4 h, the cells were
collected and ﬁxed in ice-cold glutaraldehyde (2.5% in 0.1 mol/L
cacodylate buffer, pH 7.4) for 24 h and cells were postﬁxed in os-
mium tetroxide. After dehydration with a graded series of alcohol
concentrations, the samples were rinsed in propylene oxide and
impregnated with epoxy resins. The ultrathin sections were con-
trasted with uranyl acetate and lead citrate for electron micros-
copy. Electron micrographs were observed through a PHILIPS
CM-120 transmission electron microscope.
2.5. Determination of apoptosis
Apoptosis was tested by detecting phosphatidylserine external-
ization as described in our previous report [16]. Brieﬂy, after treat-
ment, cells were collected and suspended in 100 lL of binding
buffer containing 5 lL of FITC Annexin V and 5 lL of propidium io-
dide dye solution. After incubation in the dark at 25 C for 15 min,
the cells were analyzed by using an FACS Aria ﬂow cytometer (Bec-
ton–Dickinson, San Jose, CA, USA). The apoptosis percentage was
summed up from primary apoptosis (Annexin V+/PI) and late
apoptosis (Annexin V+/PI+).
2.6. Western blot analysis
After treatment, cells were then washed twice with cold PBS
and then extracted into RIPA lysis buffer on ice. After being soni-
cated and centrifuged, the protein content was determined using
a BCA protein assay kit according to manufacturer’s instructions.
Equivalent amounts of protein were separated on 15% SDS–poly-
acrylamide gel and transferred to NC membranes. After beingblocked at room temperature for 2 h with 5% non-fat milk in TBS
with 0.1% Tween-20, the membranes probed with LC3, Beclin-1,
class III PI3 K, Bcl-2, b-actin and HRP conjugated IgG antibodies.
The volumes of the bands were determined by standard scanning
densitometry with normalization of densitometry measures to b-
actin.
2.7. Measurement of cell viability
PC-12 cells were seeded at a density of 8  104 cells/mL in a ﬂat
bottomed 96-well plate. After treatment, the MTT solution was
added to the culture medium (500 lg/mL). The reaction was com-
pleted by the addition of DMSO to the cell culture 4 h after the MTT
addition. The absorbance was measured at 570/630 nm by a micro-
plate reader (Sunrise, Austria).
2.8. Statistical analysis
Results were represented statistically as means ± SD. Signiﬁ-
cance was assessed by one-way ANOVA following appropriate
transformation to normalized data and equalized variance where
necessary. Statistical analysis was performed using SPSS statistics
18.0 (SPSS Inc., USA); p < 0.05 and p < 0.01 were considered to indi-
cate signiﬁcance and high signiﬁcance, respectively.3. Results
3.1. Cd triggers autophagy in PC-12 cells
First, the effect of Cd on the cell viability of PC-12 cells was
investigated using an MTT assay. As shown in Fig. 1A and B, cell
viability was decreased in a dose- and time-dependent manner
after treatment with Cd. To determine whether this inhibitory ef-
fect of Cd on the cell activity of PC-12 was dependent on the
induction of autophagy, the autophagy detection assay was ap-
plied to Cd-treated cells. The effect of Cd treatment on full-length
LC3-I to LC3-II processing, a hallmark of autophagy, was deter-
mined. Immunoblot analysis was used to detect the extracted ly-
sates from PC-12 cells treated with 0–20 lmol/L Cd for 4 h or
with 20 lmol/L for 0 h to 24 h. As shown in Fig. 1C, the levels
of LC3-II proteins increased after treatment with Cd (0–
20 lmol/L). As cells were treated with 20 lmol/L Cd for 0–24 h,
LC3-II proteins reached a peak for 4 h and then gradually de-
creased (Fig. 1D).
Moreover, the distribution of endogenous LC3-II in cells before
and after Cd treatment for 4 h was monitored by indirect immuno-
ﬂuorescence staining. As revealed in Fig. 1E, speciﬁc punctate
distribution of endogenous LC3-II was observed in the PC-12, given
that more dots appeared in Cd-treated cells than in control cells
(p < 0.01) (Fig. 1F).
To conﬁrm further that autophagy is induced by Cd treatment,
TEM was performed on both control and Cd-treated cells. As
depicted in Fig. 1G, Cd-treated PC-12 cells exhibited several auto-
phagosomes that were absent in control cells. In sum, these results
indicate that Cd induces autophagy in PC-12 cells.
3.2. Autophagy delays apoptosis in Cd-treated PC-12 cells
To elucidate whether Cd-induced toxicity was accompanied by
increased apoptosis, phosphatidylserine externalization was
examined using ﬂow cytometry with a two-color analysis of FITC
labeled Annexin V/PI double-staining. As revealed in Fig. 2A, the
percentage of apoptosis was slightly increased when PC-12 cells
were treated with 20 lmol/L Cd for 4 h, but the ratio of apoptosis
was increased from 4.5% to 45.8% for 24 h. Furthermore, after
Fig. 1. Cd triggers autophagy in PC-12 cells. (A and B) PC-12 cells were treated with 0–20 lmol/L Cd for 24 h or with 20 lmol/L Cd for different times. Cell viability was
measured by MTT assay. n = 4–6, Mean ± SD. (C and D) PC-12 cells were treated with 0–20 lmol/L Cd for 4 h or with 20 lmol/L Cd for different times, cell lysates were
analyzed by western blot assay with a speciﬁc antibody to LC3. The b-actin protein level was used as a loading control. (E and F) PC-12 cells were treated with 20 lmol/L Cd
for 4 h, and stained by indirect immunoﬂuorescence. The distribution of endogenous LC3 was monitored using a ﬂuorescent microscope. The number of cells with punctate
FITC-LC3 is displayed as a histogram. Bar = 10 lm. (G) PC-12 cells treated without (a) or with 20 lmol/L Cd for 4 h (b, low power; c, high power) and 24 h (d, low power; e,
high power) were subjected to TEM analysis. Autophagosomes are highlighted by white arrows in c and e, whereas apoptotic changes such as chromatin condensation (black
arrows) and cytoplasmic vacuolization (black arrowheads) are highlighted in e. Bar = 1 lm. ⁄p < 0.05, ⁄⁄p < 0.01 difference with control group.
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Fig. 2. Autophagy delays apoptosis in Cd-treated PC-12 cells. Cellular apoptosis was analyzed on a ﬂow cytometer using Annexin V/PI staining methods. A
representative of three independent experiments is shown (A). (A) PC-12 cells were harvested after 4 h treatment without/with 20 lmol/L Cd in the presence or
absence of 5 lmol/L CQ (con, CQ, CQ + Cd, Cd). In the other ﬁve experiments, PC-12 cells were treated with 20 lmol/L Cd 24 h following pre-incubation with
100 nmol/L RAP for 24 h or 100 lmol/L Z-VAD-fmk for 1 h. Statistical results are presented in (B). ⁄⁄p < 0.01 difference with control group. ##p < 0.01 difference with
respective group of Cd treatment.
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reduced by Z-VAD-fmk, a broad caspase spectrum inhibitor,
thereby conﬁrming the role of the caspase cascade in Cd-induced
apoptosis. Electron microscopy hallmarks of apoptosis were fur-
ther studied. As depicted in Fig. 1G, after 24 h of Cd treatment,
PC-12 cells displayed typical nuclear apoptosis morphology, such
as chromatin condensation and nuclear cytoplasmic vacuolization.
Collectively, these results demonstrate that Cd can induce apopto-
sis in PC-12 cells.
As previously mentioned, Cd could induce both autophagy and
apoptosis. To investigate the relationship between apoptosis and
autophagy, the speciﬁc autophagic inhibitor CQ was introduced.
The augmentation of apoptosis ratio resulting from 4 h of Cd expo-
sure was reversed from 4.5% to 33.7%. Furthermore, co-treatment
with 20 lmol/L Cd and RAP, an autophagic inducer, reduced the
apoptosis ratio (p < 0.01, Fig. 2A and B), indicating that autophagy
hinders apoptosis in Cd-treated PC-12 cells.3.3. Cd-induced autophagy is cytoprotective
Many studies have demonstrated that autophagy can serve as a
protective response to prevent heavy metal-induced cell death.Thus, CQ and RAP were employed to detect the effect of autophagy
on Cd-induced cytotoxicity. We found that CQ and RAP markedly
increased LC3-II production (Fig. 3A–D). Using an MTT assay to
monitor the effects of CQ on cell viability, CQ or RAP alone failed
to inhibit PC-12 cell growth, and CQ signiﬁcantly augmented the
growth inhibition induced by Cd (Fig. 3E). However, RAP markedly
decreased Cd-induced injury (Fig. 3F), conﬁrming that Cd-activated
autophagy is cytoprotective.3.4. Class III PI3K/Beclin-1/Bcl-2 pathway contributes to Cd-triggered
autophagy
To determine the signaling pathway responsible for the induc-
tion of autophagy in Cd-treated PC-12 cells, class III PI3 K, Beclin-1,
and Bcl-2 were examined by immunoblot analysis. Cd indeed
resulted in a signiﬁcant upregulation of class III PI3 K at the
examined concentration points. Furthermore, Beclin-1 also
increased after 2.5 mol/L Cd exposure. However, the expression
of Bcl-2 was reduced in Cd-treated cells (Fig. 4), indicating the
dependence of autophagy on the activation of class III PI3 K/Be-
clin-1/Bcl-2 signaling.
Fig. 3. Cd-induced autophagy is cytoprotective. PC-12 cells were pretreated with 5 lmol/L CQ for 0.5 h, followed by treatment with Cd for another 4 h, or pretreated with
100 nmol/L RAP for 24 h, followed by treatment with Cd for another 24 h. Western blot analysis was performed using LC3 antibody. The blots were probed for b-actin as a
loading control (A and B). Blots for LC3 were semi-quantiﬁed using Image Lab (C and D). The respective cell viability using MTT assay is shown in (E and F). #p < 0.05,
##p < 0.01 difference with Cd group.
Fig. 4. The class III PI3 K/Beclin-1/Bcl-2 pathway contributes to Cd-triggered
autophagy. PC-12 cells were treated with 0–20 lmol/L Cd for 4 h. Cell lysates were
analyzed by western blot assay with indicative antibodies. The b-actin protein level
was used as a loading control.
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The bioaccumulation of Cd has been proven toxic both for
human and environmental health. Cd-induced adaptation to
stress through the removal and recycling of damaged proteins
and organelles may have been critical throughout evolution in
biota that are naturally exposed to ﬂuctuating levels of these tox-
icants [17]. The intracellular homeostasis disorder caused by Cdhas recently been demonstrated to be a trigger for apoptosis in
cortical neurons [18]. This study demonstrates that Cd can induce
cytoprotective autophagy in PC-12 cells by delaying the occur-
rence of apoptosis and activating class III PI3 K/beclin-1/Bcl-2 sig-
naling pathway.
Autophagy is morphologically characterized by the appearance
of ‘‘double-membrane’’ vacuoles, that is, autophagosomes in the
cytoplasm. In addition, LC3, the mammalian homologue of the
yeast protein Atg8, was found to be a speciﬁc biochemical marker
for autophagy. A newly synthesized LC3 termed LC3-I is evenly
distributed throughout the cytoplasm. Upon the induction of
autophagy, some LC3-I is converted into LC3-II which is tightly
bound to autophagosomal membranes, thus forming ring-shaped
structures in the cytosol. Cd affects a diverse range of cellular
events such as proliferation, differentiation, and apoptosis. In this
work, we initially demonstrate that Cd increased autophagy in
PC-12 cells, as indicated by LC3 electrophoretic mobility shift,
immunoﬂuorescence for the autophagy protein LC3, and TEM.
In addition, Cd could induce apoptosis in PC-12 cells. Based on
the EM results, the characteristics of apoptosis such as chromatin
condensation and cytoplasmic vacuolization at the late stages of
autophagy were determined. We thus postulated that autophagy
activated by Cd in PC-12 cells was probably earlier than apoptosis.
The results of ﬂow cytometry also conﬁrmed this hypothesis
(Fig. 2B). It intrigues us to research the relationship between
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vascular endothelial cells treated with low concentrations
(<10 lmol/L) of cadmium induced autophagy. As a consequence,
apoptosis was inhibited [19]. However, autophagy in mesangial
cells apparently has no signiﬁcant effect on apoptosis [20]. This
study suggested that Cd-induced autophagy can delay the occur-
rence of apoptosis in PC-12 cells. The above result is consistent
with previous reports that autophagy preceded apoptosis under
some stress conditions [21–23].
In mammalian cells, autophagy serves as a complement to the
ubiquitin–proteasome system as two important intracellular
pathways for protein degradation [24,25]. Autophagy may aid
in cell survival by purging the toxic metabolites and intracellular
pathogens from damaged cells. However, autophagy may also
promote cell death through excessive self-digestion and degrada-
tion of essential cellular constituents. Dysregulation of autophagy
contributes to age-related pathologies, neurodegenerative
diseases, and carcinogenesis [3]. Given that the function of
autophagy in cell survival or death is controversial and depen-
dent not only on the duration and level of exposure, but also on
other factors intrinsic to the cell itself, as well as its current met-
abolic state, the function of autophagy in Cd-exposed cells can
differ. It was reported that autophagy did not protect cells from
Cd-induced death such as mesangial cells [20]and skin epidermal
cells [26], but a recent investigation supported the protective ef-
fect of autophagy on Cd-induced cell death in hematopoietic
stem/progenitor cells [27], lung epithelial ﬁbroblast cell [28]
and proximal convoluted tubule cells [29], Our current ﬁndings
suggest that autophagy involves cell survival mechanisms in
Cd-exposed cells. This observation is supported by the results
showing that CQ-mediated autophagy inhibition increases the
levels of LC3-II proteins as the autophagy level is elevated by
Cd treatment, whereas autophagy activators, such RAP, increase
the levels of LC3-II proteins as the autophagy level is reduced
by Cd treatment. In addition, Cd treatment decreased the viability
of PC-12 cells in a dose- and time-dependent manner (Fig. 1A and
B), which was signiﬁcantly promoted by CQ treatment but inhib-
ited by RAP treatment. Collectively, these results reveal that Cd-
induced autophagy primarily acts as a protective mechanism in
PC-12 cells. Additionally, autophagy did not completely protect
cells from damage caused by Cd treatment. This condition, at
least in part, may be contributed by other mechanisms, such as
Cd toxicity on DNA repairing systems [30] and/or activation of
P53, followed by cell cycle arrest and induction of cell death [31].
Among the direct activators of autophagy, Beclin-1, an essen-
tial autophagy protein that has been linked to diverse biological
processes is well characterized. It was found that Beclin-1 and
class III PI3 K can form a complex and are both required for
autophagy [32,33]. However, under favorable physiological
conditions, anti-apoptotic members of the Bcl-2 family such as
Bcl-2 and Bcl-XL interact with Beclin-1 (through the BH3 do-
main), thus inhibiting its pro-autophagic properties [34–36]. For
Cd-stressed PC-12 cells, a drastic decrease in Bcl-2 expression
was observed, which would enable Beclin-1 release, resulting in
the combination of the Beclin-1-PI3 K III compound. These data
are consistent with reports suggesting that during induced
autophagy, the complex (Beclin-1-Bcl-2) is dissociated to enable
Beclin-1 to join PI3 K III, thus initiating autophagosome forma-
tion [37].
In summary, our results demonstrate that Cd could induce
viability inhibition as well as autophagy and apoptosis. At the early
stages of Cd exposure, where autophagy acts as the principal,
apoptosis becomes evident when the damage is irreversible. The
ﬁndings further suggest that autophagy serves an important pro-
tective function against avoiding cytotoxicity through the class III
PI3 K/beclin-1/Bcl-2 signaling pathways. Our ﬁndings providednew evidence for understanding the mechanism of Cd action in
PC-12 cells.
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